Pumice, cements (CEM I-and CEM II-type), waste fly and bottom ashes (IFA, GBA, and BBA) supplied from international companies were used to produce lightweight building materials, and physical-mechanical properties of these materials were determined. Axial compressive strength (ACS) values were found above the standards of 4 and 8 MPa (Bims Concrete (BC) 40 and 80 kgf/cm 2 class) for cemented (CEM I) pumice-based samples. On the contrary, the ACS values of the pumice-based cemented (CEM II) samples could not be reached to these standards. Best ACS results (compatible with BC80) from these cemented lightweight material samples produced with the ashes were found in 50% mixing ratio as 10.6, 13.2, and 20.5 MPa for BBA + CEM I, GBA + CEM II, and IFA + CEM I, respectively, and produced with pumice were found as 8.4 MPa (same value) for GBA + pumice + CEM II (in 25% mixing ratio), BBA + pumice + CEM I (in 100% mixing ratio), and pumice + IFA + CEM I (in 100% mixing ratio), respectively. According to the results, cemented ash-based lightweight building material produced with and without pumice could widely be used for constructive purposes. As a result of this study, an important input to the ecosystem has been provided using waste ashes, whose storage constitutes a problem.
Introduction
In the industry, there is the tripod of raw material-process product, and waste formation is an inevitable problem in most industrial establishments [1] . Today, at the peak of environmental problems and raw material prices, the utilization of industrial wastes as an additive material in lightweight construction technology is one of the important issues that should be considered [1, 2] . e waste ash, which poses a serious problem for their storage and disposal, is being used for different purposes throughout the world and Turkey. Utilization of millions of tonnes of new waste that emerges every year and contributes unignorably to the already existing environmental catastrophe can only be substantial in sectors that consume large amounts, such as the construction sector. For this reason, the utilization of waste as building material, thus preventing the increase of deposited waste amounts, is one of the main targets of many scientific research [3, 4] . In this study, a selection was made within the coal ash utilization alternatives, and the conversion to lightweight building material came to the forefront. In this selection, the construction sector was considered because it meets the most basic need of people that is housing, it has a leveraging role for the world and the Turkish economy with the added value and employment opportunities it has created, and it has an annual growth rate of 7.1% and a share of 6% in the gross national product (GNP); and lightweight building materials were considered because they have a high market value, they have superiority as a building material, they demonstrate high strength, and they are one of the most used materials per person after water [5] .
Bottom ash (BA), which is a kind of industrial solid waste, is released after combustion of coal [1, 4, 6] .
BA having a size of 0.1-10 mm and a distinctive dark grey colour is usually not spherical [7] . It is mostly composed of silicate, carbonate, aluminate, iron, and various metals and metalloids. e exact composition of BA may depend on the source of raw coal product, its size, the type of coal burner, and the operating conditions of the burner [8] . Large-sized BAs (>6 mm) can be used as coarse aggregates, while small ones are suitable for use as fine aggregates [7] . Bai et al. [9] investigated the effect of BA on concrete properties in which BA was replaced with natural sand at various rates from 30% to 100%.
ey investigated the strength and shrinkage properties of concrete where BA was used as a fine aggregate and reached the conclusion that BA can be used, replacing fine aggregate at a ratio of 30%. Yüksel et al. [10] reported that the use of BA as a fine aggregate improves the porosity of concrete and that the use of BA makes it possible to produce durable concrete. Nataraj et al. [11] suggested that the use of BA in concrete is an alternative to the use of aggregate in concrete. Jayaranjan et al. [8] pointed out based on the literature that BAs with relatively high specific gravity (1.9-3.0) should be used in engineering applications.
As a type of industrial solid waste, the fine-grained ash is called fly ash (FA). Its atmospheric release from the dustholding units of pulverized coal-fired burners, especially in thermal power plants, is blocked by electrofilters [12] . e basis of FA is mainly composed of alumina silicates; alkalis, metals, and heavy metals, which can be found in small quantities with alumina silicates; and rarely soil. FA, known as the most modern material obtained as artificial pozzolan based on its chemical composition, can be used in many areas such as ceramics, plastic, wastewater treatment, cement, concrete, brick, lightweight aggregate, aerated concrete, and roads, especially in the construction sector [13] . Alkaya [14] examined the use of FAs in soil improvement. In their study, Sancak and Şamandar [12] investigated the amounts of use of blast furnace slag per FA, silica fume, and granule. ey pointed out the possible contribution of waste materials to the self-compacting concrete production in terms of sustainability. Phonphuak et al. [15] demonstrated that they could achieve a lightweight building material by using FA and glass powder as the raw material with borax.
e benefits that can be achieved with the use of BAs and FAs are not limited to environmental protection and energy savings. Within the concept of industrial ecology, Basheer et al. [16] and Deja [17] had investigated the effects of this type of waste ash on concrete by using it as a mineral additive or aggregate in concrete production. Today, only 30% of the total ash produced in the world is reused, so the reuse of FAs and BAs is an important job [8] .
Pumice, which is formed as a result of magma's solidification on the earth or at depths very close to the earth, is a magmatic (volcanic) rock. It has a unit weight (UW) less than 1 g/cm 3 and a porous, glassy, acidic, and basic characteristic. e pumice is in white, grey, and cream colours.
is raw material does not sink when thrown into the water because it contains a large amount of gas space in the form of a foam or sponge. While it has an acid-medium composition, it contains crystal water. Because of these properties, it does not expand when heated [18] . Pumice concrete can exhibit more elastic behaviour against earthquake loads than normal concrete. Moreover, pumice concrete and building components are not affected by frost [19] . Acidic pumice, which is the most widely found on earth and the most widely used type, is white and dingy in colour, and basic pumice is blackish in colour. ere are widespread uses in the construction industry due to the higher silica content in pumice with acidic character [20] . 80% of the pumice produced in Turkey is used as lightweight concrete aggregate in construction sector in the domestic market. In their study,Ünal et al. [21] investigated the effect of using pumice and Afyon Tınaztepe regional diatomite materials in the production of lightweight concrete block elements on properties of concrete. In their experimental study, they produced different series at different ratios by using pumice and diatomite of three different grain groups as lightweight aggregate, sand and crushed sand as normal aggregate. At the end of their study, they reached the conclusion that pumice and diatomite could be used instead of brick-like partition elements by utilizing the production of lightweight concrete block elements. ey also concluded that besides the benefits to the economy, the issue of insulation in buildings could be solved with the use of them. Turkey, which has an important place in terms of pumice reserves in the world (with almost 40% of the world pumice reserves), has a very high market opportunity with pumice varieties of about ten different colours and texture qualities.
Lightweight building materials give the building a special character. Turkey has a geological structure in which fault and fracture systems can lead large earthquakes. ere have been earthquakes in Turkey that cause big loss of life and property in short time intervals like 3 to 5 years. In developed countries such as Japan and the USA, it is no coincidence that there is little or no loss of life and property in 7.4 magnitude earthquakes. e reason for this is advanced construction technologies and the use of lightweight materials such as pumice, perlite, and aerated concrete in buildings. Lightweight materials significantly reduce building loads. e severe tremors in the horizontal and vertical directions, which are formed by an earthquake, are absorbed by porous materials, and thus buildings are shaken but not collapsed [22] . Another important point is that energy savings of up to 50% in the heating and cooling costs of buildings using lightweight building materials are ensured. Even in cold countries such as Sweden and Norway, which import and use lightweight building materials such as pumice, perlite, and aerated concrete, the heating cost of a house is less than half the heating cost of the equivalent house in Turkey. Qiao et al. [23] produced a lightweight building material (less than 1.8 g/cm 3 in density) with a compressive strength of 28 days, which was higher than 10 MPa. ey found that the samples containing BA of a waste incineration plant were suitable for use as a lightweight building material based on the density and compressive strength results. Wongkeo and Chaipanich [24] conducted compressive strength, microstructural, and thermal analyses on the lightweight building material made of BA and silica fume. e compressive strength of the BAadded lightweight building material was found to increase when silica smoke was added into the mixture. When using 5% silica fume and 20% BA mixture, they determined that a higher compressive strength was reached than the Portland cement control group. Blomqvist et al. [25] addressed the use of reusable lightweight materials in temporary buildings.
In this study, it was aimed to solve the waste ash problem emerging from coal, which is used for producing energy in the industry and thermal power plants, as well as producing lightweight building materials by evaluating the utilization efficiency of BA, FA, pumice, and cement. e study is quite detailed and different with various combinations of waste ashes, pumice, and cement of different types from different industries. It has given a new dimension to the existing knowledge of lightweight building materials.
Materials and Methods

Material.
Cement is a calcium-based material that is used as a binder in the construction sector. Two types of cement that are CEM I 42.5 R-type Portland cement (hereinafter referred to as CEM I) and CEM II/A-L 42.5-type (Super Bims, hereinafter referred to as CEM II) Portland calcareous cement were used in this study as binders. Physical and chemical properties of these cements were not determined. Instead of this, the production values of the producer company were taken into consideration. e initial setting time and the final setting time were determined as 210 and 265 minutes and 510 and 550 minutes for CEM I and CEM II cements, respectively. e UWs of these cements were found to be 1.40 and 1.35 g/cm 3 , respectively. BA and FA used in this study as raw material were obtained from international companies that are Göknur Foodstuff Co. Nigde Factory (GBA: 700-1500 tons/year), Bor Sugar Factory (BBA: 17,000-19,000 tons/year), anḋ ISKEN Inc. Co. Sugözü ermal Power Plant (IFA: 300,000 tons/year). After bringing to laboratory, the raw materials were oven dried and sieved with 1 mm square sieve. During the sieving, coarse materials (1%, 3%, and 25% from IFA, GBA, and BBA, resp.) were stayed on the sieve. e acidic pumice used in the study is supplied from Nevşehir province. e pumice beds in Nevşehir and in its vicinity have a quality that is preferred by many sectors. Grain size of this pumice generally ranges from 1 to 70 mm. e reason for preferring acidic pumice is that its UW is about 0.6 g/cm 3 and it can react better with cement. Pumice was separated into two parts including coarse and fine particles that were stayed on 1 mm square sieve (particle size is between 1 and 8 mm) and passed through this sieve (particle size is from 0 to 1 mm), respectively. e UWs of coarse and fine pumices are 0.53 and 0.91 g/cm 3 . On the other hand, the UWs of GBA, BBA, and IFA were determined as 0.55, 0.78, and 0.91 g/cm 3 , respectively. According to standard test methods, chemical analysis of raw materials used in this study was done by Laboratory of ÇİMSA Cement Inc. Co. Nigde Factory and is given in Table 1 .
e granulometric distribution of the pumice sieved with 8 mm square sieve, IFA, GBA, and BBA sieved with 1 mm square-mesh sieve are given in Figure 1. 
Method.
e production parameters of pumice-based building blocks used in construction technology should be in compliance with Turkish Standard (TS) 3234 that are based on ASTM standard [26] . According to upper and lower limits of this standard, the granulometric distribution of the materials was adjusted to produce samples having maximum compactness and is given in Figure 2 . When making of mix design of GBA + pumice-, BBA + pumice-, and IFA + pumice-based sample, the materials adjusted according to , resp.). Mixing design differs for each group. In this study, mixing calculations were used to obtain samples in accordance with BC40 and BC80. However, since the UW values of the materials in the study were quite different from each other, the volume basis was taken into consideration for determination of mixture parameters. In the study, two types of cement were used, and the samples were produced from five groups of different materials.
Coarse (1-8 mm) and fine (0-1 mm) materials were used in forming the groups and in the mixing calculations. Pumice was used as coarse material in the samples consisting of waste ash + pumice mixing. Waste ashes were used as fine material as a substituent of pumice.
In group 1, samples that include mixing of CEM I + pumice and CEM II + pumice were produced. is group is a comparison group to waste ash-added samples. BC40 and BC80 samples were produced according to mixing design that conforms to the TS 3234 standard [26] .
In group 2, samples that include mixing of CEM I + pumice + IFA and CEM II + pumice + IFA were produced. IFA (as fine material) was substituted by pumice in 25, 50, 75, and 100% ratios. In this group, all coarse materials (1-8 mm) are pumice. BC40 and BC80 samples were produced according to mixing design that conforms to the TS 3234 standard [26] . In group 3, BC40 and BC80 samples that conform to the TS 3234 standard [26] were produced from CEM I + pumice + GBA and CEM II + pumice + GBA mixing. GBA (as fine material) was substituted by pumice in 25, 50, 75, and 100% ratios. In this group, all coarse materials are pumice.
In group 4, samples that include mixing of CEM I + pumice + BBA and CEM II + pumice + BBA were produced. BBA (as fine material) was replaced by pumice in 25, 50, 75, and 100% ratios. In this group, all coarse materials are pumice. According to mixing design that conforms to the TS 3234 standard [26] , BC40 and BC80 samples were produced.
In group 5, samples including only waste ashes were produced.
e mixing calculation was not done in this group. In the sample production, waste ashes were bound with cement in 25, 50, 75, 100% ratios (in volume basis).
Considering CEM I + IFA, CEM II + IFA, CEM I + GBA, CEM II + GBA, CEM I + BBA, and CEM II + BBA mixing, the experiments were designed.
Experimental
Samples produced were kept in molds (40 × 40 × 160 mm in size) and placed with the help of vibration (Figure 3 ). 12 replicates were produced from each sample (Figure 4 ). e consistency test-because water ratios may influence the sample properties-was carried out during the sample preparation, and the consistency intervals of all samples were kept constant.
e percentage of combustible substances in FA and BA at 750°C was found to be 7, 23, and 24% for IFA, GBA, and BBA, respectively. e test samples, which were separated into five different groups, were produced in the same environmental conditions as much as possible and were prepared for the experiment. Samples were kept in molds for 24 h after they were placed. ese samples were taken out from the molds and water cure in 20 ± 2°C temperature was applied for them. After curing/staying in water (Figure 4 ), 7-and 28-day ACS, UW, porosity, and WAP were determined. All the mentioned tests were made and assessed according to the relevant standard (TS 3234) [26] .
Results and Discussion
Experiments conforming to the relevant standards were carried out on different proportions of pumice-, IFA-, BBA-, and GBA-based cemented (CEM I and CEM II) sample. ese experiments included 7-and 28-day ACS, UW, WAP, porosity, and ACS after freeze-thaw. Findings of the results (as arithmetic mean values of each 3 samples) obtained from the experiments are given in Tables 2 and 3 altogether. In this section, important parameters of cemented lowcost, durable lightweight building materials that are produced from pumice and waste ashes of two industrial plants and a thermal power plant that have different waste ash problems and different ash compositions are visualized in Figures 5-10 to better interpret their performance assessment.
According to the increase of IFA fine material ratio, the ACS values are given in Table 2 As the ash content increased, the ACS values were increased and decreased in the CEM I + GBA and CEM II + GBA mixing samples, respectively, for BC40 and BC80.
e ACS values were found in the range of 3.10-3.90 MPa (mean: 3.44 MPa) and 2.75-3.30 MPa (mean: 3.00 MPa) for BC40 and 6.80-8.40 MPa (mean: 7.78 MPa) and 7.10-8.40 MPa (mean: 7.73 MPa) for BC80 in the samples produced with CEM I-and CEM II-type cement, respectively. However, the ACS values reached the standard [26] values (BC80) in the CEM I samples mixed with 75 and 100% GBA ratios and in the CEM II samples mixed with 25 and 50% GBA ratios (Table 2, Figure 5 Figure 5 ). 
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During the substitution of pumice with ne material (IFA, GBA, and BBA), the reasons of decreasing the ACS values in the samples produced with CEM II are (a) the excess amount of calcareous found in CEM II cement and (b) the reaction between cement oxides and ashes, which in uence mechanical properties.
As seen in Table 2 and Figure 6 , the UW values of the samples that were produced with 100% pumice according to BC40 and BC80 lightweight building material mixing calculations were approximately 20% lower than those that were produced with ashes. As increasing ne material in the samples produced with CEM I, CEM II, and IFA, the UW values showed an increasing trend. e reason for this is the UWs of IFA and BAs are higher than those of pumice. In the samples produced with GBA and BBA, the UW decreased as the ash ratio increased. However, this decrease is in In Table 2 and Figure 7 , the porosities of the samples produced with CEM I, CEM II, and ne materials (IFA, GBA, and BBA) according to BC40 and BC80 did not change very much, and the results were close to each other. However, the porosities of the samples produced with pumice were higher.
is can be said to be due to the fact that very ne FA and BA particles ll the pores of the pumice.
e amount of cement (Table 3 ) used in the 5th group and in the production of samples including 100% IFA, GBA, and BBA was determined according to the volume ratios.
e BC40 standard could be achieved even with the IFAbased samples including 10% CEM I and CEM II ratios. Similar result was also obtained from the GBA-based cemented (CEM I) samples. However, this result could not be obtained from cemented (CEM II) samples. is is due to the reaction of ashes and CEM II cement and originates from the inherent properties of the cement.
e samples including 100% BBA were produced in two groups according to grain distribution. In the rst group (BBA1), samples with grain distribution of 0-1 mm and in the second group (BBA2), those of 0-8 mm were produced.
e ACS values of BBA1, CEM I, and CEM II mixed samples could be reached to BC40 when they include more than 30% cement. e ACS values that comply with BC40 for BBA2 could be reached in samples including more than 30% CEM I and 40% CEM II (Table 3, Figure 8 ).
e porosities of samples produced with 100% IFA, GBA, and BBA showed similar results with those produced with 10, 20, 30, 40, and 50% (in volume) CEM I and CEM II (Table 3, Figure 9 ). However, parallel to the increase in volumetric amounts of cement, the porosity of the produced samples decreased in a similar way. In terms of the UWs, similar results were obtained for all IFA-, GBA-, and BBA-based samples that were produced with 10, 20, 30, 40, and 50% CEM I-and CEM II-type cement. As the volumetric cement ratio for each mixture increased, their UWs increased.
e lowest UW was obtained in samples including GBA.
e highest UW was found in samples produced with IFA due to higher value of IFA's UW (Table 3, Figure 10 ). Although the UWs of each sample varied, each was in the class of lightweight building materials.
Conclusions
is work has been carried out with the aim of finding solutions for the waste ash problem with known technologies in the building industry. For this purpose, waste ash is added to the mixture of constructive building block produced by pumice. 100% waste ash-based cemented samples were also produced. e physical and mechanical properties of the produced samples were determined and the following results were obtained:
(1) 100% pumice-based standard samples were produced for comparison to TS 3234. ese samples must reach minimum ACS values of 4 MPa for BC40 and 8 MPa for BC80 at the end of 28-day water curing period. In the samples produced with CEM I and IFA, the ACS values were increased in parallel with the increase in IFA fine material ratio. It was concluded that an average ACS of 4.51 MPa was found for BC40 in cemented (CEM I) samples. erefore, pumice-based lightweight building blocks with IFA additive can be produced for constructive purposes. e targeted results for the samples produced with CEM II could not be obtained. (2) For the samples produced with CEM I and IFA, the ACS values increased with increasing IFA fine material ratio. e waste formation constitutes an inevitable problem in the majority of industrial establishments. In this study, BA and FA were used in order to solve the waste ash problem of industrial and thermal power plant. e lightweight building material obtained by using the effectiveness of pumice and ashes as raw materials and cement as a binder can be widely used as a constructive material in the construction sector. In this study, an important input to the ecosystem was provided using waste ashes, whose storage constitutes a problem. A contribution to the economy was also provided as well as the protection of environment with natural materials.
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